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order to calculate the work done on the sand, the position of
the point of application of the force was fixed on the sole of
the foot in the ith frame, and the displacement of the same
position on the sole from the (i−1)th frame was used to
calculate the work as follows:

Wsand,i = dh,iFh,i + dv,iFv,i , (3)

where dh,i and dv,i are the displacement of the fixed point on
the sole between the (i−1)th and ith frames in the horizontal
and vertical directions, respectively, and Fh,i and Fv,i are the
two components of the force vector F.

Measurement of Wint

The mechanical work Wint done to accelerate the body
segments relative to the COM was computed by dividing the
body into 11 rigid segments: the head plus trunk, the two upper
arms, the two lower arms, the two thighs, the two shanks and
the two feet (Willems et al. 1995). Left segments, closest to
the cameras, were defined using eight infrared LEDs located
at the chin–neck intersection, the gleno-humeral joint, the
lateral condyle of the humerus, the dorsal wrist, the great
trochanter, the lateral condyle of the femur, the lateral
malleolus and the fifth metatarsal phalangeal joint. The
coordinates of these LEDs were measured using the infrared
camera system described above.

The position–time curves were smoothed using a least-
squares method, with an interval of 125–175 ms for walking
and 63–125 ms for running (Stavitsky and Golay, 1964). The
angle made by each segment relative to the horizontal was then
determined for each frame, and the resulting angle–time curves
were smoothed using the least-squares method, with an interval
of 75–85 ms for walking and 43–105 ms for running. The mass,
the position of the centre of mass and the radius of gyration of
each body segment were approximated using the
anthropometric tables of Dempster and Gaughran (1967). The
positions of the segments on the right side of the body,

invisible to the cameras, were reconstructed assuming that their
movements during one half of a stride were equal to those on
left side during the other half of the stride. The angular velocity
of each segment, and its linear velocity relative to the COM,
were calculated from the position data by the method of finite
difference over intervals of 25–45 ms for walking and
23–35 ms for running, depending upon the speed. The kinetic
energy of each segment due to movement relative to the COM
was then calculated from the sum of its translational and
rotational energies (Willems et al. 1995).

The kinetic energy curves of the foot, lower leg and upper
leg (=lower limb) were summed, as were the kinetic energy
curves of the lower and upper arm (=upper limb in Fig. 1,
upper four curves). Wint was calculated as the sum of the
increments of the resulting kinetic energy curves during one
stride. This procedure assumes complete transfer of kinetic
energy between the segments of the same limb but excludes
any transfer between the limbs or between the limbs and the
trunk. In order to minimise errors due to noise in the energy
curves, the increments in kinetic energy were considered to
represent positive work only if the time between two
successive maxima was greater than 20 ms.

Procedure
Subjects were asked to walk and run on sand at the same

speeds that they had used in the previous study on firm ground
(Willems et al. 1995). Trials at a given speed were repeated
2–12 times by the same subject to assess the reproducibility of
the experimental results and to obtain a mean value.
Measurements were made approximately every 0.15 m s−1

between 0.5 and 2.5 m s−1 for walking, and every 0.2 m s−1

between 2 and 4 m s−1 for running; only one subject walked/ran
at each speed. A marker pulled along the floor next to the force
platform by a motor indicated the desired speed; trials were
only accepted when the speed obtained was within 0.08 m s−1

(walking) or 0.11 m s−1 (running) of their speed measured in

Fig. 2. Movement of the foot into
the sand in the sagittal plane (upper
panel) and the cumulative work
done on the sand (lower panel) for
the stance phase of a walking step.
Four light-emitting diodes (filled
circles) locate the two quadrangles
which represent the foot; two
additional diodes, on the lateral
malleolus and on the head of the
fibula (not shown), locate the shank.
The foot is drawn when 0, 25, 50,
75 and 100 % of the total work has
been done on the sand, as indicated
by the dashed lines. Wsand,dec
represents the work done on the
sand during the deceleration of the
COM, and Wsand,acc represents the work done on the sand during the acceleration of the COM. The sand surface records the deepest penetration
of the foot into the sand. The arrows in the upper panel indicate the point of application, direction and magnitude of the ground reaction force
vector. Traces are from a 39-year-old, 82 kg, 1.80 m subject walking at 1.35 m s−1.
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Empirical	  Es1mates	  Suggest	  that	  Foot	  may	  Dissipate	  25-‐35%	  of	  Ankle	  Push-‐off	  Work	  during	  Walking	  	  

Ankle	  Push-‐off	  primarily	  affects	  center-‐
of-‐mass	  (COM)	  kine1cs	  by	  a	  localized	  

accelera1on	  of	  the	  trailing	  leg.	  

Implica0on	  1:	  Avoid	  Biomimicry.	  Fa1gue	  &	  increased	  metabolic	  
demands	  are	  common	  problems	  for	  amputees.	  If	  goal	  is	  to	  improve	  
amputee	  gait	  economy,	  then	  don’t	  mimic	  wasteful	  foot	  behavior.	  

Implica0on	  2:	  Actua0on	  Not	  Required.	  Ankle+foot	  work	  (over	  
stride)	  is	  not	  net	  posi1ve	  (Takahashi	  &	  Stanhope	  2013).	  Prosthe1c	  
actuator	  not	  needed	  to	  emulate	  ankle+foot	  kine1cs	  for	  level	  gait.	  	  

Dissipa1on	  may	  be	  detrimental,	  but	  foot’s	  behavior	  might	  s1ll	  be	  
beneficial,	  for	  instance	  by	  enabling	  the	  calf	  muscles	  to	  operate	  at	  a	  
more	  favorable	  length	  or	  velocity	  (e.g.,	  Carrier	  et	  al.	  1994).	  

Feet	  are	  complex,	  evolved	  to	  perform	  various	  func1ons.	  Foot	  
dissipa1on	  may	  be	  detrimental	  to	  gait	  economy,	  but	  perhaps	  
beneficial	  for	  other	  reasons	  (e.g.,	  adaptability,	  Song	  &	  Geyer	  2011	  ).	  

Current	  biomechanical	  es1mates	  may	  fail	  to	  accurately	  capture	  
ankle-‐foot	  dynamics	  (e.g.,	  due	  to	  neglec1ng	  mul1ar1cular	  muscles,	  
Zelik	  et	  al.	  2015;	  Zelik,	  Takahashi	  &	  Sawicki	  2015)	  

Ankle	  Push-‐off	  is	  Beneficial	  
for	  Economical	  Human	  Walking	  

Implica0on	  2:	  Reassess	  Actua0on	  Needs.	  Understanding	  the	  role	  of	  
mul1ar1cular	  muscles	  may	  inform	  the	  design/control	  of	  powered	  
prostheses,	  which	  typically	  do	  not	  contain	  mul1ar1cular	  actua1on.	  	  

Implica0on	  1:	  Avoid	  Mimicking	  Imper0nent	  Mechanisms.	  
Although	  the	  foot	  may	  enable	  the	  calf	  muscles	  to	  operate	  more	  
effec1vely,	  this	  is	  not	  applicable	  to	  amputees/prosthe1cs.	  	  

Diverse	  body	  of	  evidence:	  
Push-‐off/Collision	  Theory	  
Kuo	  2002;	  Ruina	  2005	  
Controlled	  Experiments	  
Caputo	  &	  Collins	  2014;	  Jackson	  &	  Collins	  2015	  
Clinical	  Popula@ons	  
Houdijk	  et	  al.	  2009;	  Farris	  et	  al.	  2015;	  
Herr	  &	  Grabowski	  2012	  

Dissipa1ng	  Ankle	  Push-‐off	  is	  Detrimental	  
To	  Gait	  Economy	  (e.g.,	  Walking	  on	  Sand)	  

Walking	  on	  sand	  à	  60-‐150%	  more	  mechanical	  
work	  and	  110-‐150%	  higher	  metabolic	  cost	  

Ankle	  Push-‐off	  Primarily	  Contributes	  to	  
Both	  COM	  Kine1cs	  &	  Leg	  Swing	  Ini1a1on*	  	  

Siegel,	  Kepple	  &	  Caldwell	  1996	  
Takahashi	  &	  Stanhope	  2013	  
Zelik,	  Takahashi	  &	  Sawicki	  2015	  	  

Why	  does	  this	  maEer?	  One	  reason	  is	  because	  of	  the	  implica0ons	  for	  prosthe0c	  foot	  design…	  

cle force moment arm (r) was calculated as 
the perpendicular distance from the Achil- 
les tendon to the ankle. 

In these people during running at con- 
stant speed, the center of force moved from 
under the arch of the foot just after touch- 
down to the tips of the toes at takeoff (Fig. 
2A, solid points) (6). This forward transla- 
tion of the center of force increased the 
length of the moment arm between the 
ankle and the center of force and, there- 
fore, increased the gear ratio (R/r) of the 
extensor muscles of the ankle (Fig. 2B, 
solid points). In four people, the gear ratio 
was less than 1 at the beginning of support 
and increased to 3 to 4 by the time of 
takeoff. In the fifth person, the gear ratio 
also started off at less than 1 and increased 
during the first half of support but leveled 
off at a peak value of just over 2.5 at 
midsupport. 

A different pattern was observed when 
the subjects accelerated maximally from a 
standing start (Fig. 2A, open points). In 
this case, the center of force reached the 
ball of the foot sooner and remained there 
longer, not moving under the toes until just 
before takeoff. The gear ratio was higher 
early in the first half of the contact phase 
but was always lower in the second half of 
the contact phase (Fig. 2B) (7). 

The observed variation in gear ratio 
resulted largely from changes in the length 
of the lever from the ankle to the center of 
force on the ground (R). Whereas R often 

changed by as much as a factor of 20, the 
muscle lever (r) changed by less than 15%. 
Changes in R can result from two separate 
causes: movement of the center of force 
along the length of the foot (Fig. 2A) or 
changes in the orientation of the ground 
reaction force relative to the position of the 
ankle (Fig. 1). Our results indicate that 
these factors influence R to varying degrees 
in different individuals and during different 
locomotor activities. However, during run- 
ning at a constant pace, the change in R 
due to translation of the center of force was 
usually 10 times greater than the change 
due to changes in the orientation of the 
ground reaction force. Furthermore, during 
rapid acceleration, R changed very little, 
and the center of force remained stationary 
under the ball of the foot (Fig. 2A). These 
observations indicate that the long foot and 
toes of human runners are primarily respon- 
sible for the gearing mechanism by allowing 
the position of the center of force to vary 
(8). 

We looked at the effect of variable gear- 
ing on the shortening velocity of the calf 
muscles by comparing the kinematically 
measured shortening velocity of the muscle- 
tendon system to what that velocity would 
have been in the absence of variable gear- 
ing (9). To determine the velocity of the 
muscle-tendon system, we multiplied the 
angular velocity of the foot around the 
ankle by the length of the muscle lever (r). 
The muscle-tendon system in our partici- 
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Fig. 1. Ground reaction force, force of the extensor muscles of the ankle, and the moment arms of 
these forces (R and r, respectively, labeled in the center panel) during foot support while running 
at a constant speed. The ground force moment arm, R, is the perpendicular distance from the 
ground reaction force to the ankle. The muscle force moment arm, r, is the perpendicular distance 
from the Achilles tendon to the ankle. The dot between the foot and the ground is the position of the 
center of force. 

Fig. 2. (A) Distance between the A B 
center of force (CF) exerted on 25- 
the ground and the tip of the first 
(big) toe during the ground con- 20 

- 3- 
tact phase in a representative in- 
dividual. The tracing of the foot on / 
the right side of the graph pro- O2 
vides a reference. Solid circles ?o1 lo 
show the mean and standard de- U. 
viations of four trials of running at 
a constant speed; open circles 
show the mean and standard de- 0 - ,______Ot____ 

viations of three trials of rapid 0 100 200 0 100 200 
acceleration from a standing Time (ms) 
start. (B) Gear ratio (R/r) during 
ground contact phase. Subject and indications are as in (A). 

pants showed negative velocities during the 
first half of foot support (Fig. 3), which 
indicated that the muscle-tendon system 
was stretched as the ankle was flexed dor- 
sally. During the second half of foot sup- 
port, when the ankle was extended, short- 
ening velocity increased rapidly to a maxi- 
mum at takeoff. We then calculated the 
muscle-tendon velocity required, in the 
absence of variable gearing, to maintain the 
same ankle-to-toe velocity (that is, the 
same contribution by the ankle and foot to 
the motion of the body). The gear ratio, 
fixed at the value recorded at midstance 
(10), was divided into the ankle-to-toe 
velocity in order to calculate the muscle- 
tendon velocity. Two important differences 
emerged from this analysis (Fig. 3). First, a 
constant gear ratio would result in much 
less stretching of the muscle-tendon system 
on landing, and the potentiating prestretch 
of the muscle would therefore be reduced. 
Second, as predicted, a constant gear ratio 
would require higher shortening velocities 
of the muscle-tendon system during takeoff. 

These observations show that during the 
first part of the contact phase of a running 
step, the gear ratio of the calf muscles is 
quite low (less than 1) (Fig. 2B). This 
increased the stretch applied to the muscles 
(Fig. 3) and therefore the work the muscles 
could do during subsequent shortening (5). 
During the middle part of the contact 
phase, the gear ratio remained relatively 
low (about 2). Thus, the mechanical ad- 
vantage of the muscles was relatively high 
during the period when the force exerted on 
the ground was the greatest and the muscle 
shortening velocity was the lowest. And 
finally, during the latter part of the contact 
phase, as the force exerted on the ground 
decreased and the velocity of the foot rap- 
idly increased, the gear ratio increased to 3 
to 4. This would tend to keep the muscle 
operating at a lower velocity and in the 
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Fig. 3. Comparison of the measured shortening 
velocity of the muscle-tendon system (solid 
circles) to the calculated shortening velocity 
when the gear ratio was fixed at the value 
recorded at mid-stance (open circles). Same 
subject as in Fig. 2. 
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Possibility	  1	  
Foot	  is	  Working	  Against	  Ankle	  

Possibility	  2	  
Foot	  is	  Working	  With	  Ankle	  (Indirectly)	  

Possibility	  3	  
Incorrect	  Empirical	  Ankle-‐Foot	  Es1mates	  

Is	  the	  Foot	  Working	  With	  or	  Against	  the	  Ankle	  during	  Human	  Walking?	  

Dissipa1on	  due	  to	  
deforma1on	  of	  the	  sand	  

Carrier	  et	  al.	  1994	  

Background Results & Methods

Discussion

Implica0on	  2:	  Actua0on	  Not	  Required.	  Ankle+foot	  work	  (over	  
stride)	  is	  not	  net	  posi1ve	  (Takahashi	  &	  Stanhope	  2013).	  Prosthe1c	  
actuator	  not	  needed	  to	  emulate	  ankle+foot	  kine1cs	  for	  level	  gait.	  	  

Pfoot = Fgrf vdistal_foot + M freeω foot

Pfoot = Mankleωshank + Fanklevankle - Pankle

Ptoe = Mtoeωtoe

Pankle = Mankleωankle

*Not	  mutually	  exclusive.	  Both	  are	  equally	  
valid	  descrip@ons	  of	  Push-‐off	  contribu@ons.	  

Takahashi,	  Kepple	  &	  Stanhope	  2012	  

Prince	  &	  Winter	  1994	  

Implica0on	  1:	  Avoid	  Mimicking	  Current	  Es0mates.	  If	  current	  
es1mates	  are	  incomplete	  or	  inaccurate,	  then	  we	  need	  to	  improve	  
empirical	  measures	  before	  trying	  to	  mimic	  biological	  func1on.	  
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